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The construction of cDNA clones encoding large-size RNA mole-
cules of biological interest, like coronavirus genomes, which are
among the largest mature RNA molecules known to biology, has
been hampered by the instability of those cDNAs in bacteria.
Herein, we show that the application of two strategies, cloning of
the cDNAs into a bacterial artificial chromosome and nuclear
expression of RNAs that are typically produced within the cyto-
plasm, is useful for the engineering of large RNA molecules. A
cDNA encoding an infectious coronavirus RNA genome has been
cloned as a bacterial artificial chromosome. The rescued coronavi-
rus conserved all of the genetic markers introduced throughout the
sequence and showed a standard mRNA pattern and the antigenic
characteristics expected for the synthetic virus. The cDNA was
transcribed within the nucleus, and the RNA translocated to the
cytoplasm. Interestingly, the recovered virus had essentially the
same sequence as the original one, and no splicing was observed.
The cDNA was derived from an attenuated isolate that replicates
exclusively in the respiratory tract of swine. During the engineer-
ing of the infectious cDNA, the spike gene of the virus was replaced
by the spike gene of an enteric isolate. The synthetic virus repli-
cated abundantly in the enteric tract and was fully virulent,
demonstrating that the tropism and virulence of the recovered
coronavirus can be modified. This demonstration opens up the
possibility of employing this infectious cDNA as a vector for vaccine
development in human, porcine, canine, and feline species suscep-
tible to group 1 coronaviruses.

Coronaviruses are single-stranded, positive-sense RNA vi-
ruses and have the largest genomes known [around 30

kilobases (kb); refs. 1 and 2] among RNA viruses. Reverse
genetics of coronaviruses has been done by targeted recombi-
nation following the procedure initially developed by Master’s
group (3–6). However, the construction of a full-length genomic
cDNA clone will improve considerably the genetic manipulation
of coronaviruses. To date, this objective has not been achieved,
the viral cDNA instability being one of the main problems.

The instability problems observed with bacterial vectors con-
taining viral cDNAs were first overcome by Rice et al. (7), who
successfully generated infectious yellow fever virus RNA from a
pair of cDNA clones ligated in vitro before RNA transcription.
Infectious cDNA clones have now been constructed for members
of many positive-stranded RNA virus families (7–12), including
the Arteriviridae family closely related to coronaviruses (13).
Negative-stranded RNA virus genomes have been generated for
Mononegavirales by the simultaneous expression of the ribonu-
cleoprotein containing the N protein, the polymerase cofactor
phosphoprotein, and the viral RNA polymerase (14). Rescue of
engineered RNAs in negative-strand RNA virus with eight
genome segments was also possible for influenza virus (15).

Unfortunately, the enormous length of the coronavirus ge-
nome and the instability of plasmids carrying coronavirus rep-
licase sequences have thus far hampered the construction of a
full-length cDNA clone (6). To overcome these problems we
have combined three strategies. (i) We started the construction
of the full-length cDNA from a defective minigenome (DI) that

was stably and efficiently replicated by the helper virus (16, 17).
By using this DI, the full-length genome was completed, and the
performance of the enlarged genome was checked after each
step. This approach allowed for the identification of a cDNA
fragment that was toxic to the bacterial host. This finding was
used to advantage by reintroducing the toxic fragment into the
viral cDNA in the last cloning step. (ii) We cloned the cDNA as
a bacterial artificial chromosome (BAC), a low-copy number
plasmid (one or two copies per cell). BACs have been useful to
clone large DNAs stably from a variety of complex genomic
sources into bacteria (18), including herpesvirus DNA (19). (iii)
We used a two-step amplification system that couples transcrip-
tion in the nucleus from the cytomegalovirus (CMV) immediate
early promoter with a second amplification in the cytoplasm
driven by the viral polymerase.

The work was done with the transmissible gastroenteritis
coronavirus (TGEV) PUR46-MAD virus (abbreviated PUR-
MAD), an attenuated strain of TGEV that infects newborn
piglets (20, 21). To assemble a fully functional infectious cDNA
clone, leading to a virulent virus able to infect both the enteric
and respiratory tracts, the spike (S) gene of the PUR-MAD
strain was replaced by the S gene of the TGEV virulent strain
PUR46-C11 (abbreviated PUR-C11; ref. 22). These viruses
belong to group 1 coronaviruses, which include human, porcine,
canine, and feline isolates with high sequence identity.

In the present study, we report the recovery of infectious
TGEV from cloned cDNA and show that this procedure can be
used to generate a genetically modified TGEV.

Materials and Methods
Cells and Viruses. Epithelial swine testis (ST) cells (23) were kindly
provided by L. Saif (Ohio State University, Wooster, OH). The
TGEV strains PUR-MAD and PUR-C11 (22) were grown and
titered as described (24, 25).

Plasmids and Bacteria Strains. Plasmid pBeloBAC11 (26) was
kindly provided by H. Shizuya and M. Simon (California Insti-
tute of Technology, Pasadena, CA). Escherichia coli DH10B
strain [F2mcr A D(mrr-hsdRMS-mcrBC) Ø80dlacZDM15
DlacX74 deoR recA1 endA1 araD139 (ara,leu)7697 galU galK l2

rps L nupG] was obtained from GIBCO/BRL. DH10B cells were
transformed by electroporation at 25 mF, 2.5 kV, and 200 V with
a Gene Pulser unit (Bio-Rad) according to the manufacturer’s
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instructions. After electroporation, cells were incubated at 37°C
with gentle shaking for 45 min before being spread on LB plates
containing 12.5 mg/ml chloramphenicol.

Plasmid DNA Preparation. Recombinant clones were grown at 37°C
in 5 ml of LB containing 12.5 mg/ml chloramphenicol, and
plasmid DNA was isolated with the Qiagen (Chatsworth, CA)
plasmid Mini Kit according to the manufacturer’s specifications.
Supercoiled plasmid DNA was purified further by digestion of
linear and open circular DNA with Plasmid Safe ATP-
dependent DNase (Epicentre Technologies, Madison, WI). For
large-scale DNA preparation, the BAC vector and recombinant
BACs were isolated by alkaline lysis with the Qiagen Plasmid
Maxi Kit according to the manufacturer’s specifications. The
plasmid DNA was purified further by cesium chloride density
gradient centrifugation.

Construction of the TGEV Full-Length cDNA. As a backbone for the
construction of the complete cDNA of the TGEV genome, the
plasmid pDI-C (16, 17), containing a cDNA encoding a TGEV-
derived DI was used. DI-C RNA has three deletions (D1, D2, and
D3) of about 10, 1, and 8 kb within ORFs 1a, 1b, and between
genes S and 7, respectively (Fig. 1a). To complete these dele-
tions, a set of cDNAs encoding fragments of the missing regions
was generated by standard RT-PCR techniques. All of the point
mutations introduced by RT-PCR were corrected to the con-
sensus TGEV sequence, except for a silent mutation at position
6,752, which was maintained as a rescue marker.

The ORF 1a missing sequences (D1) were restored by adding
cDNA fragments A1, B1, C1, and D1 (Fig. 1a). The resultant
plasmid was unstable within the bacteria, and mutated forms
were recovered that had incorporated deletions or insertions in
fragments B1, C1, and D1. Then, the BglII–ClaI fragment from
clone A1 and the ClaI–BclI fragment from clone D1 were
inserted into pDI-C to fill in the D1 deletion partially. The 1-kb
deletion (D2) in ORF 1b was restored by subcloning the XcmI–
NcoI fragment from clone A2, generating a stable plasmid. The
deleted D3 sequence was assembled from clones A3 to G3 to
yield a plasmid encoding the full-length TGEV genome, lacking
a 5.2-kb ClaI (4,417) to ClaI (9,615) fragment. The clones A3 to
D3, encoding the S gene, were derived from the PUR-C11 strain,
and the clones E3 to G3 were derived from the PUR-MAD
strain. Details of this procedure will be published elsewhere. The
cDNA encoding the full-length sequence of TGEV, except the
5.2-kb ClaI–ClaI fragment, was transferred to pBeloBAC11 to
obtain the pBAC-TGEVDClaI (Fig. 1b). To generate pBAC-
TGEVClaI, a fragment spanning nucleotides 4,310 to 9,758, which
includes the missing ClaI–ClaI sequence, was assembled and
inserted in pBeloBAC11. The last step for the generation of a
full-length cDNA (pBAC-TGEVFL) consisted of the insertion of
the ClaI–ClaI fragment from pBAC-TGEVClaI into ClaI-
linearized pBAC-TGEVDClaI. For this purpose, a third genomic
ClaI site at position 18,997 had been previously deleted by
PCR-directed mutagenesis, creating a silent nucleotide change.
This change was also used as a rescue marker.

The TGEV cDNA was flanked at its left end by the CMV
immediate-early promoter and at its right end by a 24-bp
synthetic poly(A) tail followed by the hepatitis delta virus
ribozyme and the bovine GH termination and polyadenylation
sequences (17).

Cloned cDNA Stability. The stability of the viral sequences cloned
into pBeloBAC11 was analyzed by studying the restriction
endonuclease pattern (27). At least two clones for each con-
struction were grown in 10 ml of LB containing 12.5 mg/ml
chloramphenicol at either 37°C or 30°C. Cells from these
primary cultures were propagated serially by diluting 106-fold

daily. Each passage was considered to represent about 20
generations.

Sequence Analysis. DNA was sequenced with an automatic 373
DNA Sequencer (Applied Biosystems). Sequence assembly and
comparison with the consensus sequence of TGEV were per-
formed with the SEQMAN II and ALIGN programs (DNAstar,
Madison, WI), respectively. Potential splice sites were deter-
mined with the HSPL program (28).

Transfection and Recovery of an Infectious TGEV from a cDNA Clone.
ST cells were grown to 60% confluence in 60-mm-diameter
plates and were transfected with 10 mg of either pBAC-TGEVFL

or pBAC-TGEVFL2(ClaI)RS (pBAC-TGEVFL plasmid carrying
the ClaI–ClaI fragment in the reverse orientation) with 15 mg of
Lipofectin (Life Technologies, GIBCO) according to the man-
ufacturer’s specifications. The cells were incubated at 37°C for
6 h, after which the transfection medium was replaced with fresh
DMEM containing 8% (vol/vol) FBS. After an incubation period
of 2 days, the cell supernatant (referred to as passage 0) was

Fig. 1. Construction of a cDNA encoding an infectious TGEV RNA as a BAC.
(a) Strategy for the construction of full-length cDNA clones of TGEV. Full-
length TGEV cDNA was assembled from DI-C (16, 17), and subgenomic over-
lapping cDNA fragments were generated by reverse transcriptase–PCR (RT-
PCR). The cDNA fragments were joined at shared restriction sites and assem-
bled as described in Materials and Methods. The genetic map of TGEV (Top)
and the defective minigenome DI-C (Middle) is shown. The cDNA clones and
relevant restriction sites used to restore the three deletions (D1, D2, and D3) of
DI-C are indicated. (Top) Letters indicate the viral genes. L, leader sequence;
UTR, untranslated region. Numbers in the genetic map of DI-C indicate the
position of the three deletions within the genome. (b) Cloning of the TGEV
cDNA in pBeloBAC11. Plasmids pBAC-TGEVDClaI, pBAC-TGEVClaI, and pBAC-
TGEVFL were generated as described in Materials and Methods. Relevant
restriction sites are indicated. CMV, CMV immediate-early promoter; poly(A)
tail of 24 A residues; HDV, hepatitis delta virus ribozyme; BGH, bovine GH
termination and polyadenylation sequences; SC11, S gene of PUR-C11 strain;
SAP, shrimp alkaline phosphatase.
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harvested and passaged six times on fresh ST cells. Virus present
in the cell supernatant was analyzed by plaque titration and
RT-PCR. After six passages, the virus was cloned by three plaque
purification steps. The specific infectivity of the cDNA was
determined by standard immunofluorescence techniques with
TGEV-specific monoclonal antibodies (24).

RNA Isolation and RT-PCR Analysis. Total or cytoplasmic RNA from
infected or transfected ST cells was extracted as described (16).
Northern blot and RT-PCR analyses were carried out following
standard procedures (29). To analyze the extent of the splicing,
the cytoplasmic RNA was amplified by semiquantitative RT-
PCR by using a low number of cycles within the same tube and
with the same primers. The relative proportion of the spliced and
nonspliced molecules was deduced from the total RNA mass
and was estimated with the Gel Documentation 2000 System
(Bio-Rad).

TGEV Growth Kinetics in ST Cells. ST cell monolayers were infected
at multiplicities of infection of 0.05 and 5 with strains PUR-

MAD, PUR-C11, or the recovered virus rPUR-MAD-SC11.
Aliquots of 200 ml were taken from the supernatant of each
infected monolayer at different times after infection, and virus
titer was determined as described (24).

Virulence Assay. The in vivo growth and virulence of TGEV
isolates and the recovered virus were determined as described
(22). Briefly, groups of five 3-day-old National Institutes of
Health miniswine (30) were oronasally and intragastrically in-
oculated with doses of 1 3 108 plaque-forming units (pfu) per
route with PUR-MAD, PUR-C11, or the rPUR-MAD-SC11
viruses, in a biosafety level 3 containment facility at 21°C. The
virus titers in lung, jejunum, and ileum were determined 2 days
after infection.

Results and Discussion
Strategy for the Construction of a cDNA Encoding an Infectious TGEV
RNA. To obtain a cDNA encoding a full-length TGEV RNA, a
cDNA encoding a TGEV-derived DI-C of 9.7 kb was con-
structed (16, 17). This DI-C cDNA was stable in low and high
copy number plasmids. The three deletions (D1, D2, and D3) of
about 10, 1, and 8 kb, respectively, that DI-C has relative to the
parental virus were restored (Fig. 1a). The 1-kb (D2) deletion in
ORF 1b was filled in first, thus generating a stable plasmid. The
ORF-1a-missing sequences (D1) were restored by adding cDNA
fragments A1, B1, C1, and D1 (Fig. 1a). The new cDNA plasmid
was not stable within the bacteria, and mutated forms were
recovered that had incorporated deletions or insertions in
fragments B1 to D1 (Z.P., J.M.G., F.A., and L.E., unpublished
results). Interestingly, removal of a restriction endonuclease ClaI
fragment of 5,198 bp from nucleotides 4,417 to 9,615 in the
TGEV sequence generated a plasmid stable in E. coli DH10B
cells. Subsequently, the deleted D3 sequences were restored by
introducing the indicated cDNAs (Fig. 1a).

To increase the stability of the TGEV cDNA, a cDNA
encoding the full-length sequence of TGEV, except for the
deleted ClaI–ClaI fragment, was subcloned into the BAC plas-
mid pBeloBAC11 (18, 26) leading to plasmid pBAC-TGEVDClaI

(Fig. 1b). TGEV cDNA was cloned downstream of the CMV
immediate-early promoter. At the 39 end, this cDNA was flanked
by a 24-bp poly(A) tail, followed by the hepatitis delta virus
ribozyme and the bovine GH termination and polyadenylation
sequences, as described (17). The missing ClaI–ClaI sequences,
required to encode the complete full-length TGEV genome,
were also cloned into a BAC plasmid, pBAC-TGEVClaI, con-
taining a cDNA complementary to TGEV RNA nucleotides
4,310 to 9,758 (Fig. 1b). Both BAC plasmids were grown in
DH10B cells and sequenced. Their sequences were identical to
the consensus sequence of the PUR-MAD strain with the
exception of two genetic markers previously introduced in the
cDNA at positions A-6,752 3 G (silent) and T-18,997 3 C
(silent). In addition, to generate a cDNA encoding a fully active
TGEV that would replicate both within the enteric and respi-
ratory tracts and preserve the virulence of the original in vivo
isolates, the complete S gene of the PUR-MAD strain, which
replicates abundantly within the respiratory tract (. 106 pfu/g of
tissue) and scarcely (,103 pfu/g of tissue) in the enteric tract of
swine, was replaced by the S gene of PUR-C11 strain, which
replicates with high titers (.106 pfu/g of tissue) within both the
respiratory and the enteric tracts (22). The S gene of the
PUR-C11 strain has 14 nucleotide differences compared with
the S gene of the PUR-MAD strain and an insertion of 6
nucleotides at the 59 end of the gene (22).

A full-length TGEV cDNA (pBAC-TGEVFL) containing all
of the genes from the PUR-MAD strain but with the S gene from
the enteric PUR-C11 strain was constructed just before cell
transformation by excising the ClaI–ClaI fragment from plasmid
pBAC-TGEVClaI and cloning this fragment into pBAC-

Fig. 2. Infectious TGEV recovered from cDNA. (a) Amplification of the
rPUR-MAD-SC11 virus. ST cells were transfected either with plasmid pBAC-
TGEVFL encoding an infectious TGEV RNA or with plasmid pBAC-TGEVFL2(ClaI)RS

encoding the coronavirus RNA carrying the ClaI fragment inserted in the
reverse orientation, or they were mock transfected. The recovered virus was
passaged, and the culture supernatants were titrated on ST cells. Error bars
represent standard deviations of the mean from six experiments. (b) Cyto-
pathic effect and plaque morphology produced by the indicated virus on ST
cells. (c) Analysis of the genetic markers of the recovered rPUR-MAD-SC11 virus.
Nucleotide differences within the positions of the genetic markers between
the rPUR-MAD-SC11 and the parental virus providing the TGEV genome except
the S gene (PUR-MAD) or the parental providing the S gene (PUR-C11) are
indicated. Only 2 of the 14 nucleotide differences in the S gene between the
PUR-MAD and the PUR-C11 strains are indicated. Letters on the top bar
indicate the viral genes; L, leader sequence; UTR, untranslated region.
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TGEVDClaI (Fig. 1b). The resulting plasmid was stable for at least
80 generations during its propagation in DH10B cells, as deter-
mined by restriction endonuclease analysis (data not shown).

Rescue of an Infectious TGEV from the cDNA. To recover an infec-
tious TGEV from a full-length cDNA, ST cells were transfected
with plasmid pBAC-TGEVFL, and the supernatant was passaged
six additional times (Fig. 2a). Virus titers quickly increased with
passage and were around 108 pfu/ml by passage 4. The number
of infectious units was relatively low (36 infectious units/10 mg of
DNA) as determined during one cycle of virus replication, by
using immunofluorescence staining of plaques denoting cell to
cell virus transfer. Nevertheless, the experiment was performed
six times, and in all cases, infectious virus was recovered with
similar titers; however, in the mock-transfected cultures or in
cells transfected with the same plasmid but carrying the ClaI–
ClaI fragment in the reverse-sense (pBAC-TGEVFL2(ClaI)RS), no
virus was recovered (Fig. 2a). After six passages, the virus was
cloned by three plaque isolation steps, and the selected virus was
named rPUR-MAD-SC11. All of the reported experiments were
performed with both uncloned and cloned virus with identical
results.

The cytopathic effects produced by the recombinant virus
included induction of cell fusion and formation of large-size
plaques (3-mm diameter). These characteristics are identical to
those of the parental virus (strain PUR-C11), which provided the
S gene, and not to the PUR-MAD strain, which provided the rest
of the genome (Fig. 2b). These results suggest that the S gene is
a determinant of cell fusion and plaque morphology.

ST cells infected with the rPUR-MAD-SC11 clone were ana-
lyzed by immunofluorescence and Western blotting with mono-
clonal antibodies specific for the TGEV structural proteins (22,
24, 31). The recovered virus had the M and N proteins from the
PUR-MAD strain and the S protein from the PUR-C11 strain,
as engineered (data not shown). Furthermore, the rescued virus
was neutralized by the expected TGEV-specific monoclonal
antibodies (data not shown).

The cloned virus (rPUR-MAD-SC11) was shown to originate

from the cDNA construct by sequencing RT-PCR-amplified
cDNA fragments, because the two nucleotide markers at posi-
tions 6,752 and 18,997 and two others at positions 20,460 and
21,369 within the S gene were those of the constructed cDNA
(Fig. 2c).

The 59 ends of the recovered virus at passages 0 and 6 were
determined by 59 rapid amplification of cDNA ends, carrying as
a control the parental PUR-MAD RNA genome. In both cases,
the 59 termini were identical to the terminus of the parental virus
genome (results not shown). These data strongly suggest that the
initiation of the transcription was at the expected nucleotide as
described by Dubensky et al. (32).

The Selected Infectious RNA Genome Underwent No Splicing. North-
ern blot analysis of the genomic and mRNAs from the rescued
virus showed a size apparently identical to that of the parental
viruses, suggesting that there was no significant splicing of the
genomic RNA during its translocation from the nucleus to the
cytoplasm (data not shown). To investigate potential RNA
splicing further, the sequences with the highest splicing potential
along the TGEV sequence were identified (ref. 28; Fig. 3). ST
cells were transfected with the infectious cDNA, and the RNA
fragments with the potential splice sites were amplified by
RT-PCR by using as template the cytoplasmic RNA at passages
0 and 1 (Fig. 3). Splicing was observed in only one amplified
fragment that includes nucleotides 7,078 to 7,802. The splicing
required this fragment to be in the virus-sense orientation,
because no splicing was observed with a cDNA carrying the
ClaI–ClaI fragment inserted in the reverse sense (results not
shown). Furthermore, only 20% of the molecules of this frag-
ment were spliced as estimated by semiquantitative RT-PCR.
Interestingly, the genome with no splicing was favored by
selection after one passage.

To assess definitively whether splicing had taken place in the
viral RNA selected during virus replication, we determined the
full-length sequence of the cloned virus. Only five nucleotide
differences (C-5,9033 T, silent; T-7,5873 C, Y3H; C-20,717
3 T, T3 I; G-21,7223 T, G3 V; and G-25,3993 A, M3 I)

Fig. 3. Splicing at TGEV RNA sequence domains with high splicing potential. A databank search of the eight RNA sites with the highest probability to undergo
splicing was performed as described (28). The location of the identified sites with highest splicing potential along the TGEV sequence is illustrated. ST cells were
transfected with the infectious cDNA, and the potential splice sites were amplified by RT-PCR, by using as template the cytoplasmic RNA at passage zero (p0)
or after the first passage (p1). The amplified DNA fragments were analyzed by agarose gel electrophoresis. Letters on the top bar indicate the viral genes; L, leader
sequence; UTR, untranslated region; SC11, S gene of PUR-C11 strain; M, molecular mass markers.
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were observed between the sequence of the rescued RNA
genome and that of the cDNA clone. The first two mutations,
one of which is silent, are located within the virus replicase in
domains with a still undefined role (33). The following two
mutations map within the 59 one-third end of the S gene, a
sequence domain known to accumulate a high number of
mutations or even deletions ranging in size from 3 nucleotides to
more than 670 (22, 25). The fifth mutation is located within the
ORF 3b, which is not transcribed in the parental TGEV and is
not essential for TGEV replication in vitro or in vivo (20, 25).
These five mutations have been accumulated during a total of
nine virus passages and represent an accumulation of changes
that could be considered normal for an RNA virus genome (34).
Thus, it is not surprising that a virus has been selected with four
of five mutations that possibly will have no effect on the virus
replication.

Infectious viruses have been isolated in six independent
experiments. The sequences homologous to the ones showing
changes in the full-length sequenced clone were determined in
six clones from two independent transfections. The results
showed that the six clones were different (data not shown). These
data suggest that the mutations observed were not selected.
Also, because these mutations are not present within the pa-
rental virus passaged in the same cell line used for the trans-
fections, it seems reasonable to assume that the observed
mutations most likely are random. Of course, the analysis of a
large number of clones would be needed to rule out the selection

of specific mutations during the isolation of infectious virus from
the cDNA.

These results indicate that the selected molecules essentially
retained the sequence of the original cDNA, and no splicing was
observed within the rescued genome. In addition, these results
imply that nuclear transcription of long and complex RNA
molecules, followed by translocation to the cytoplasm and
replication, may be a useful procedure to express RNAs, par-
ticularly when there is a selection procedure, as happens with
viral genomes.

Engineering the Tropism and Virulence of the Infectious cDNA. The
cloned virus showed standard growth kinetics after infection at
both high (5 pfu per cell) and low (0.05 pfu per cell) multiplicities
of infection (Fig. 4 a and b), which were similar to those of the
parental virus that provided the S gene (strain PUR-C11) and
not to the PUR-MAD strain.

The in vivo properties of clone rPUR-MAD-SC11 also resem-
bled those of the PUR-C11 strain (Fig. 4c), because its virulence
(mortality of 100%; 10 of 10 piglets) was similar to that of the
parental virus PUR-C11 (mortality of 80%; 8 of 10) when
infecting breast-fed newborn animals. In contrast, the parental
virus providing all of the genes except the S gene produced no
clinical signs (Fig. 4c). The rPUR-MAD-SC11 virus rescued from
the infectious cDNA grew in the jejunum and ileum of infected
miniswine to titers as high (.106 pfu/g of tissue) as those of the
parental enteric virus providing the S gene (PUR-C11), whereas
the parental virus providing all of the genome except the S gene

Fig. 4. Growth of the TGEV recovered from the cDNA in cell culture and in vivo. (a and b) Growth kinetics of rPUR-MAD-SC11, PUR-MAD, and PUR-C11 virus
on ST cells after infection at high (5 pfu per cell) and low (0.05 pfu per cell) multiplicities of infection, respectively. Mean values of three experiments are indicated.
The standard deviation was lower than 30% in all cases (not shown). (c) Surviving newborn National Institutes of Health minipigs infected with rPUR-MAD-SC11,
PUR-MAD, or PUR-C11 virus at 48 h after birth with 2 3 108 pfu per animal. This experiment was performed twice with similar results. (d) Growth of
rPUR-MAD-SC11, PUR-MAD, and PUR-C11 virus in the indicated tissues. Values represent the means of representative tissue samples from three animals killed
3 days after inoculation. Error bars represent standard deviation.
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produced low titers (,103 pfu/g of tissue; Fig. 4d). Both parental
viruses and the rescued one grew very well in the lungs (106 pfu/g
of tissue). It seems reasonable to conclude that the S gene is a
determinant of TGEV tropism and virulence for the following
reasons. (i) The sequence of the parental virus (PUR-MAD) has
been compared with that of six clones of the rPUR-MAD-SC11
(data not shown), and the only common difference is the S gene,
all of the other mutations being specific to each clone. (ii) These
results are complementary with our previous data (22, 35). In
these reports, it is shown that, after replacing the S gene of two
different TGEV respiratory strains by the S gene from the
enteric isolate PUR-C11 by targeted recombination, a collection
of 14 recombinants was obtained, all of which showed an enteric
tropism. In this article, we have constructed similar types of
recombinants but, by using a different approach, engineered the
TGEV cDNA. The common feature in all of the recombinants
is the replacement of the S gene.

The change in tropism based on the replacement of the S gene
by one from a coronavirus targeting the required host opens up
the possibility of employing the infectious cDNA as a tissue- or
species-specific expression vector.

Conclusions
To our knowledge, this is the first time that an infectious cDNA
has been constructed for a coronavirus. The assembled cDNA
has allowed the rescue of a virulent virus that replicates both in
the enteric and the respiratory tracts of swine, properties that
now can be knocked out selectively to study the molecular basis
of these activities. The engineered cDNA will have an important

impact on the study of mechanisms of coronavirus replication
and transcription and provides an invaluable tool for the exper-
imental investigation of virus–host interactions. This cDNA may
also be the basis for a tissue-specific expression system that may
be used in four species—human, porcine, canine, and feline—by
replacing the S gene included in the cDNA with that of the
coronavirus infecting the target species. It is anticipated that by
this procedure either fully infectious viruses or at least partially
competent isolates able to express foreign genes will be gener-
ated, both being of practical interest.

Possibly of major interest will be the experimental evidence
that two strategies used in the generation of the infectious
cDNA, cloning into BACs and rescue of large RNA molecules
transcribed in the nucleus, could be extended to the expression
of other large-size RNAs of biological relevance.
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